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The Impact of Surface Chemistry on Bio-derived Carbon
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In this study, we demonstrate that highly functionalized and porous carbons
can be derived from palm-leaf waste using the template-free facile synthesis
process. The derived carbons have high content of nitrogen dopant, high surface
area, and various defects. Moreover, these carbons exhibit a high electrical
conductivity (107 S m ). Thanks to the high content of edge N (64.3%) and
highly microporous nature (82% of microspores), these biomass-derived car-
bons show promising performance when used as supercapacitor electrodes. To
be specific, these carbonaceous materials show a specific capacitance as high as
197 and 135 F g ! at 2 and 20 A g ! in three-electrode configuration, respec-
tively. Furthermore, the symmetrical cells using palm-leaf-derived carbon
show an energy density of 8.4 Wh Kg ! at a power density of 0.64 kW Kg !,
with high cycling life stability (~8% loss after 10,000 continuous charge—dis-
charge cycles at 20 A g~ 1). Interestingly, as the power density increases from
44kWkg ! to 36.8 kW k¥*1, the energy density drops slowly from
8.4 Wh kg ! to 3.4 Wh kg '. Getting such extremely high power density
without significant loss of energy density indicates that these palm-leaf-derived
carbons have excellent electrode performance as supercapacitor electrodes.
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INTRODUCTION

Fabricating efficient electrical energy storage
systems is of paramount importance for the
advancement of electrical vehicles and renewable
energy applications.”” Nowadays, lithium ion bat-
teries (LIBs) and supercapacitors (SCs) are recog-
nized as the leading components in energy storage
systems, where LIBs and SCs are, respectively,
promising for high energy and high power density
applications.>® The increasing market size of
hybrid vehicles has increased the demand for
high-performance supercapacitors, where a high
power device is needed to supply a surge during
startup and to convert the kinetic energy associated
with vehicle braking into useful electricity.® The
SCs are categorized into electric double-layer capac-
itors (EDLCs) in which capacitance arises from
charge accumulation in the electrode/electrolyte
interface, and pseudocapacitors that are based on
the fast and reversible redox reactions at the
surface of electro-active materials.” Generally, the
capacitance of pseudocapacitors is much higher
than EDLCs. In most cases, these two mechanisms
always work together. The current commercially
available supercapacitors (in the form of EDLCs)
are mainly based on carbonaceous electrode mate-
rial, considering its low cost, high electrical conduc-
tivity, good chemical stability and impressive
lifespan.}%®1° For example, in the commercial
supercapacitor market, activated carbons (ACs)
are regarded as the first candidate electrode mate-
rials and are already widely used in smart elec-
tronic devices. They are generally carbonized from
wood, coal, etc.!! However, the commercially avail-
able ACs offer limited control over specific surface
area, conductivity and pore size distribution, always
suffering from limited energy density
(<5 Wh kg™ 1).! While the surface area of ACs is
the dominant factor to determine the performance
of EDLCs, previous reports have also shown that,
when the surface area of ACs reaches up to
3000 m? g1, they show a much lower specific
capacitance (10 uF cm 2) than their theoretical
valve (15-25 uF cm 2).'%1% This is because most of
the micropores with less than 0.4 nm diameter are
inaccessible in the EDLCs. Therefore, there is a
critical need to manufacture porous carbon with
better supercapacitor performance (higher energy
density compared to commercial ACs, simultane-
ously preserving their high power feature).

Over the years, efforts have been made to
increase the performance of EDLCs, includin
preparation of carbons with designed pores'*!
and the introduction of heteroatoms (N, O and B)

into carbonaceous materials.'® The latter approach
has been demonstrated as a simple and powerful
way towards high-energy EDLCs due to the pseu-
docapacitive contribution from the redox process of
the heteroatom surface functionalities. Normally,
the N-doped carbons can also deliver a higher
electrical conductivity than their pristine counter-
parts. The incorporation of oxygen and nitrogen
atoms into carbons have already been realized by
oxidation of carbons and ammoniate treatment,
respectively. However, these surface oxygen and
nitrogen functional groups are not stable during
cycling, leading to the fading of the pseudocapaci-
tance.™ Alternatively, pyrolysis of N-rich polymers
has also been investigated for the preparation of N-
doped carbons. However, the cost makes it practi-
cally undesirable. Utilizing sustainable biomass for
energy storage application has received much atten-
tion in the scarcity of fossil energy. Thus, very
recently, the daily biomass waste, which mainly
contains protein, cellulose and lignin (e.g., eggshell,
banana peel, silk), has been directly carbonized to
produce heteroatom-doped carbons for SCs and
LIBs applications.®%111217 The naturally high
content of N and O in biomass always produces
highly functionalized carbons after carbonization,
which are very suitable for electrochemical energy
storage application.

In this work, we investigate palm-leaf-derived
carbon (PLDC) as electrode material for superca-
pacitor applications. We directly carbonized the
palm leaves in argon atmosphere at 800°C, followed
by air activation at 300°C. Our air-activated PLDCs
contains 3.64% N and 12.83% O. This rich heteroa-
tom doping can enhance the electrochemical reac-
tivity and electronic conductivity, which improves
electrode performance. In fact, the air-activated
PLDCs show a specific capacitance of 196 F g~ ! at
2Ag ! and a cell capacitance of 45F g ! at
1 A g1, and an impressive cycling stability at very
high current density (~92% capacitance retention
after 10,000 cycles at 20 A g 1).

EXPERIMENTAL
Materials Synthesis

The palm leaves used in the experiments were
collected from palm trees in the campus of King
Abdullah University of Science and Technology
(KAUST). The collected biomaterial was extensively
washed in ultrapure water and dried overnight in a
vacuum oven. After cleaning with deionized (DI)
water, the leaves were dried and carbonized at
800°C for 4 h in a tubular furnace with argon flow of



1630

100 scem, with a heating rate of 1°C min~'. Then,
the carbonized leaves were ground and washed. The
obtained carbon powder was carefully washed in
20% KOH at 70°C for 6 h and 2.0 M HCI at 60°C for
12 h to remove the impurities. The purified samples
were washed again using DI water. Finally, the as-
prepared palm carbons were further activated at
300°C for 3 h under ambient air.

Structural Characterization

The morphology and microstructure of the sam-
ples were characterized by SEM (Nova Nano 630,
FEI). XPS analysis was collected using Kratos
AXIS Ultra DLD. The Raman spectroscopy was
conducted on a Hariba LabRAM HR spectrometer.
BET surface areas of the samples were determined
using surface area and porosimetry system
Micromeritics (ASAP 2420) at 77 K. Before mea-
surements, the samples were dried at 70°C for 10 h
in a vacuum oven and then degassed at 200°C for
6 h until the vacuum was less than 2 ym Hg. To
evaluate the electrical conductivity, the carbon
powders mixed with 10 wt.% binder were pressed
into a thin film on the glass. Then, the conductivity
of all samples was measured using a four-point
electrical probe.

Electrochemical Measurements

The electrochemical tests were carried out at
room temperature in both three-electrode (half-cell)
and two-electrode (full-cell) configurations. In the
three-electrode measurements, as-prepared car-
bons and polytetrafluoroethylene were mixed in a
weight ratio of 90:10 for preparation of the working
electrodes. A Pt wire was used as the counter
electrode, and saturated Ag/AgCl as the reference
electrode. Assembled coin cells for the two-elec-
trode configuration were fabricated in which two
identical pieces of the PLDC electrode samples
(~83 mg of mass loading and ~1cm? of each
electrode) were assembled, separated by a single
layer separator (Celgard 3501), and placed inside a
coin cell. All electrochemical measurements were
carried out at room temperature using a VMP3
multichannel electrochemical workstation (Bio-
Logic) by the techniques of electrochemical impe-
dance spectroscopy, cyclic voltammetry (CV) and
galvanostatic charge—discharge (CD). Carbon paper
was used as current collector for as-prepared
working electrode. We used 1.0 M H,SO,4 as elec-
trolyte for all measurements.

The absolute capacitance (C in F) was obtained
from the galvanostatic CD curves according to the
following equations.

where I is the constant current for CD and AA—Y is

slope of the discharge curve.'® The specific
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capacitance and cell capacitance (Cy, and Ccep in
F g 1) were then calculated as:

2C

Con =0
C
Ccell = %

where m is the mass loading of each electrode.

The key parameters of the supercapacitor, energy
density (E) and power density (P), were calculated
based on the total weight of the two electrodes in the

full-cell devices according to the following
equations.
1 2
E = iccellv
E 1
== E = Q Ccellv2/At

where C.q is the cell capacitance calculated from
CD curve, V is the voltage window applied during
the CD measurement, and At is the discharge time
obtained from the discharge curve.

RESULTS AND DISCUSSION

The microstructures of palm leaves, PLDC, and
air-activated PLDC were investigated by scanning
electron microscopy (SEM), as shown in Fig. 1la—c. It
can be seen that the pristine palm leaves themselves
show a highly porous structure. After carbonization
and activation, the original porous frameworks were
not destroyed, while the final products showed a
rougher surface. These abundant macropores can
facilitate the spread of the aqueous electrolyte on the
entire surface of carbon materials, hence boosting
the electrolyte ion trapping and access to the active
sites.'® Furthermore, SEM images revealed no obvi-
ous difference in PLDC strucutre before and after
activation, because the pores introduced by the air
activation process are mainly micropores. Raman
spectroscopy analysis results of PLDC and air-acti-
vated PLDC are shown in Fig. 1d. The G band
(~1600 cm™!) is a characteristic feature of the
graphitic layers and corresponds to the tangential
vibration of the carbon atoms, while the D band
(~1350 ecm™!) corresponds to the degree of disor-
dered/defectiveness in the structure. The integral
intensity ratio of these two peak (Ig/Ip) scales with
the degree of the graphitic ordering in the carbons.?’
It is clear that our air-activated PLDCs show a more
defective surface, with Ig/Ip = 0.93, compared to
pure PLDCs. Thus, we believe that this air activation
process can produce a more effective surface area,
which is desirable for electrochemical energy storage
applications. We further conducted Ny adsorption—
desorption measurements to determine the surface
area and pore structures of our samples. As shown in
Figure S1 and Table I, the calculated specific
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Fig. 1. SEM images of (a) palm leaf, (b) PLDC, and (c) air-activated PLDC. The insets of (b) and (c) are the high-resolution images of the
selected sample. (d) The Raman spectra of PLDC and activated PLDC.

Table I. Physical and electrical properties of PLDC and air-activated PLDC

Average pore Conductivity

Sample Sper M? g™ Spicro M g™HP  Vigpa (cm® g™)° size (nm) (Sm™
PLDC 98.25 74.33 0.08 3.3 36
Air-activated PLDC 298.36 244.13 0.19 2.5 107

2BET surface area.”Surface area of micropores calculated by ¢ plot method.“Total pore volume.

Brunauer—Emmett-Teller (BET) surface areas for of carbon in hot air introduced higher surface area,
PLDC and air-activated PLDC are 98.25 m? g~ ! and porosity, and more suitable pore size (average pore
298.36 m? g ! with the total pore volume of size decrease from 3.3 nm to 2.5 nm) in our PLDC
0.08 cm® g ! and 0.19 cm® g !, respectively. The ¢ samples. What is more, the air-activated PLDC
plot method calculated micropores increased from shows ~3 times higher electrical conductivity
74.33 m? g1 to 244.13 m? g ! after air activation. (107 Sm™ Y than pure PLDC (36 Sm™!), even
The pore size distributions of PLDC before and after higher than activated carbon (43 Sm™1).° This
activation are similar, but the activated PLDC shows enhancement has been ascribed to the doping effect
a higher concentration of micropores (82% compared of the electron-rich N in a graphitic layer. While the

with 76%). Obviously, the partial oxidation removal BET surface area of our air-activated PDLC is not as
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Fig. 2. Deconvoluted N 1 s spectra for PLDC before (a) and after (b) air activation. (c) Summary of the relative content of four different nitrogen
species. (d) The corresponding atomic structure on the basis of XPS analysis.

comparable as commercial KOH-activated carbons
(1000-3000 m? g~ 1), we believe that this air activa-
tion process is more suitable for waste biomass (e.g.,
palm-leaf) carbonization based on the following
considerations: (1) previous reports prove that the
KOH-involved chemical activation process will
destroy most of the N functional groups in the
biomass'?; (2) the original framework will be totally
destroyed by KOH activation (Figure S2); (3) the
corrosive KOH activation process always needs
higher temperature (700-1000°C); and (4) the KOH
activation process is more costly than activation in
hot air.

X-ray photoelectron spectroscopy (XPS) was fur-
ther employed to obtain the surface heteroatom
content, which is very important for electrochemical
performance. Figure S3 displays the survey spectra
of PLDC and air-activated PLDC, showing the

dominant elements to be C, N and O. The quanti-
tative analyses demonstrate that the PLDC and air-
activated PLDC contain a high content of N around
3.48 atm% and 3.64 atm%, respectively. This
increase of N content indicates that the activation
process introduces more N heteroatoms into PLDCs,
and is superior to the KOH activation. The surface
N functionalities are identified by the deconvolution
of the high-resolution N 1s core level peaks.
Figure 2a and b elucidates the existence of four
main nitrogen species,?! that is, pyridinic (B.E.
~398.2 eV), pyrriolic or pyridonic (B.E. ~399.7 eV),
quaternary (B.E. ~400.7 eV) and nitrogen oxides
(B.E. ~402.3 ¢V) in PDLC and air-activated PDLC
samples. Figure 2d clearly displays the correspond-
ing atomic structures of above-mentioned four
nitrogen species. The percentage of each component
of these four nitrogen species are summarized in
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Fig. 3. Electrochemical performance of air-activated PLDCs in a three-electrode setup. (a) Cyclic voltammograms and (b) galvanostatic charge—
discharge curves in 1.0 M H,SO, at different conditions. (c) Gravimetric capacitances obtained from various charge—discharge current densities.

(d) Nyquist plots in 1.0 M HSO,.

Fig. 2c. Interestingly, we observed an apparent
increase of the pyrriolic or pyridonic N with an
obvious decrease of quaternary N after air activa-
tion. This indicates the middle-located N is partially
converted to edge N functional groups. It is known
that edge-site N is more active than middle-located
N (e.g., quaternary N) in electrochemical applica-
tions. Hence, the air activation process makes our
PLDCs more electrochemically active. It is also
worth noting that our air-activated PLDC presents
a very high content of edge N (64.3%), whereas that
of PLDC is 40.7%. Moreover, we also deconvoluted
the O 1s core level peaks of air-activated PLDC, as
shown in Figure S4. This shows that there are three
types of oxygen functionalities on the surface of air-
activated PLDC: C=0 groups (B.E. ~531.5 eV), C-
OH and/or C-O-C groups (B.E. ~533.2 ¢V), and
carboxylic groups (B.E. ~535.8 eV).® These func-
tional groups make the samples more hydrophilic
which is beneficial for electrochemical performance
in aqueous electrolytes. Otherwise, these O func-
tionalities also serve as active sites for fast surface
redox reactions, contributing to the higher specific

capacitance in EDLCs. Thus, from the BET and XPS
analysis, we can concluded that highly functional-
ized porous carbons have been prepared from palm
leaves.

The electrochemical performance of supercapaci-
tors using PLDC electrodes in the three-electrode
configuration is shown in Fig. 3. We used 1.0 M
HySO, aqueous solution as electrolyte. Figure 3a
shows the results of cyclic voltammetry (CV) mea-
surements of air-activated PLDC under different
scan rates. The quasi-rectangular CV curves demon-
strate a typical EDLC-like behavior of these elec-
trodes. However, the obvious Faradaic humps at
different scan rates are observed, which suggest that
the capacitive response is due to the synergistic effect
of electrical double-layer formation and redox reac-
tions.! The prominent redox peaks shown in the CV
curves can be attributed to the fast Faradaic reac-
tions of the surface N and O functionalities. At the
scan rate of 100 mV s~ !, the PLDC electrodes still
retain a quasi-rectangular shape, indicating a fast
and efficient mass and charge transfer rate. This can
be ascribed to the proper pore distribution and high
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Fig. 4. Electrochemical performance of symmetrical supercapacitors using air-activated PLDCs as working electrodes. (a) CV and (b) CD
curves; (c) gravimetric cell capacitances obtained from various charge/discharge current densities; (d) Nyquist plots in 1.0 M H,SO,. (e) Long-
term cycling stability measurement at current density of 20 A g~". (f) Ragone plots of the symmetric cells.

surface area of our electrodes. The galvanostatic CD
(CD) curves (Fig. 3b) show symmetric mirror-like
features of the charge and discharge process at
different current densities, implying the high effi-
ciency of the supercapacitive performance and highly
reversible redox reactions taking place in the air-
activated PLDC electrodes. All the CD curves show a
negligible voltage drop (IR), which indicates the low

value of equivalent series resistance (ESR). These
excellent electrochemical features are believed to
contribute to high power output from the supercapc-
itors.?? Figure 3¢ summarizes the CD-derived speci-
fic capacitance (Cyp,) of air-activated PLDC electrodes.
At the current density of 2 A g%, a high C,p of 197
F g~ ! was obtained. This value is much hi§her than
that of commercial ACs (~100 F g~ 1). 112324 1p
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addition, the Cg, obtained in this work are higher
than carbon obtained from other materials, including
silk_protein (168 F g1 at 0.8 Ag1),? leaves (88
Fglat2Ag1)% fungi (170 F g ' at 10 mV s H*!
wood (180 F g~ at 10 mV s 1),?” carbide-derived
carbon (129 F g~ at 10 mV s 1),%® activated silicon
carbide-derived carbon (138 F gfl at 0.1 Ag 1,2
novolac-derived carbon (127 F g 1 at 1 A g 1),%° etc.
Notably, at the high current density of 20 A g1, the
specific capacitance of the air-activated PLDC sample
can still be up to 135 F g1, corresponding to a high
rate capability of 69%. Even at the very high scan rate
of 100 F g™, this electrode still retained 47% of its
initial specific capacitance, demonstrating good rate
performance. Figure 3d presents the Nyquist plot of
the air-activated PLDC electrode. It is clear that this
electrode shows a typical supercapacitve perfor-
mance with the ESR and charge transfer (R.)
resistances of ~1.28 Q and ~0.18 Q, respectively.
Such a low resistivity is believed to be due to bulk N,
which is known to increase the electrical conductivity
of carbons.®’ Undoubtedly, such a high electrical
conductivity is very desirable for high-power super-
capacitors. It is worth noting that the supercapacitor
performance of our pristine PLDCs are much worse
than the activated samples, as shown in Figure S5.
The air-activated PLDC shows ~5.6-times higher
specific capacitance than the pure PLDC sample, as
well as better rate performance. Moreover, the
activated PLDCs can deliver higher electrical con-
ductivity (from the Nyquist plot in Figure S5d), in
agreement with our direct four-point probe measure-
ments. This comparison clearly demonstrates that
such a simple air activation process is effective to
enhance the supercapacitve performance of biomass-
derived carbons.

We further evaluated the air-activated PLDCs
using a symmetric two-electrode configuration. Fig-
ure 4a and b shows the CV and CD curves of air-
activated PLDC cells. It obvious that the cells exhibit
an ideal supercapacitor performance (quasi-rectan-
gular CVs and symmetrical CDs at all test condi-
tions). Further, as shown in Fig. 4c, the cell
capacitance was calculated as 45 F g ! and 18
F g ! at current densities of 1 Ag ' and 50 A g ?,
respectively. Even though current density increased
by a factor of 50, 40% of its initial capacitance can be
retained. The Nyquist plot of the as-made symmet-
rical cell is shown in Fig. 4d. It can be seen that the
devices have excellent electrical conductivity with a
very small cell resistance (~0.6 Q) at a high fre-
quency. The R is merely ~0.3 Q, implying the high-
power feature of these cells. As a critical parameter
to determine the energy storage performance for
practical applications, the long-term cycling stability
of our symmetric cell was tested at the very high
current density of 20 A g~ ! and is shown in Fig. 4e.
After 10,000 electrochemical cycles, the air-activated
PLDC cell retains ~92% of its initial capacitance
which demonstrates that these activated PLDC are
very stable for supercapacitor applications. The

energy and power density of the devices with acti-
vated PLDC are shown in the Ragone plot in Fig. 4f.
The optimized symmetrical supercapacitors using
activated PLDC show an energy of 8.4 Wh Kg ' at a
power density of 0.64 kW Kg~*. What is more, it is
worth noting that, with the increase of power density
from 4.4 kW kg~ ! to 36.8 kW kg, the energy den-
sities drop slowly from 8.4 Wh kg~ ! to 3.4 Wh kg .
Getting an extremely high power density without
much drop in energy density indicates that the
activated PLDC possess significantly enhanced elec-
trochemical performance as supercapacitor elec-
trodes.?” Furthermore, the energy and power
densities we achieved here are superior to commer-
cial AC-based supercapacitors.

CONCLUSION

In summary, we have demonstrated that high-
performance supercapacitors can be fabricated
using palm-leaf-derived carbon, termed PLDC, as
electrodes. We show that these highly functional-
ized and porous carbons can be prepared using the
template-free facile synthesis process. The air-acti-
vated PLDCs exhibit high surface area, defects, and
a relatively high N-doping level. Moreover, 64.3% of
the surface nitrogen heteroatoms are located at edge
sites, which is highly desirable for supercapacitor
applications. The activated PLDCs deliver a specific
capacitance and cell capacitance as high as
197 F g ! and 45 F g !, respectively. The values
we obtained are much better than commercial ACs
and previousky reported biomass-derived carbons.
Furthermore, the symmetrical PLDC cells show an
energy densitiy of 8.4 Wh Kg~! at a power density of
0.64 kW Kg -, with high cycling life stability (~8%
loss after 10,000 continuous CD cycles at 20 A g~ 1).
Our results indicate that these renewable PLDC
electrodes are potential alternatives for commercial
AC-based supercapacitors, considering their very
low cost and abundance.
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